the treatment of AML.
5 FLT3 exerts its impact on the proliferation, differentiation, and death of hematopoietic cells through RAS pathway activation. 6 FLT3 activating mutations are commonly present as internal tandem duplication (ITD) mutations (FLT3-ITD) or point mutations in the second tyrosine kinase domain (FLT3-TKD) in ß25-30% or 5-10% of patients, respectively. 5, 7 Currently, several FLT3 inhibitors are being investigated in patients with AML. 8, 9 In 2017, the US Food and Drug Administration (FDA) approved the pan-kinase/FLT3 inhibitor, midostaurin in patients with FLT3-ITD and TKD-positive AML based on prolongation of both event-free and overall survival in the subgroup receiving midostaurin in combination with standard induction chemotherapy. 10 Sorafenib is a multikinase inhibitor that is approved by the FDA for the treatment of hepatocellular carcinoma, renal cell carcinoma, and thyroid carcinoma at a dose of 400 mg orally twice a day (b.i.d.) without food. Moreover, sorafenib has been shown as a potent inhibitor of FLT3-ITD but resistance emerges as FLT3-TKD point mutations. 9 Although sorafenib has not been approved by the FDA for the treatment of AML, off-label use of sorafenib was reported in patients with AML. 11 Numerous phase I and phase II clinical trials have been conducted to evaluate sorafenib safety and efficacy as monotherapy or in combination with traditional antileukemic chemotherapy in newly diagnosed and refractory or relapsed adult AML as well as in pediatric AML. 9, [12] [13] [14] [15] [16] Overall survival benefits for the incorporation of sorafenib into combinational therapies have yet to be demonstrated, possibly due to mixed FLT3 mutations status and to a sorafenib dosing regimen that has not been optimized to balance tolerability with the achievement of 85% FLT3 inhibition, which is a predictor for clinical response. 8, 17, 18 All randomized studies to date have evaluated the use of sorafenib with chemotherapy in an unselected AML population with or without FLT3 mutations at the full maximum tolerate dose (MTD) dose of 400 mg b.i.d. either continuously or intermittently. However, this approved dose has not been well tolerated in several AML clinical trials. 9, 19 Only a small proportion of patients (18%) with AML were able to adhere to the continuous 400 mg b.i.d. dosing in comparison with lower dosing regimens (50% vs. 83%). 20 There is large interindividual variability in systemic exposure to sorafenib. 21, 22 Saturable absorption has been noted to occur at doses over 400 mg. 23 Steady-state is achieved by 7 days. 22 Sorafenib is highly protein bound with an unbound fraction of 0.3% and a higher affinity to albumin than alpha 1-acid glycoprotein. 24 Sorafenib is primarily metabolized by cytochrome P450 (CYP)3A4 and UDPglucuronosyltransferase (UGT) 1A9 with the primary metabolite being sorafenib N-oxide. 25 Sorafenib N-oxide has been noted to be 14.59-fold more potent than the parent drug when assessing FLT3-ITD potency. 9 Sorafenib undergoes enterohepatic recirculation as an important disposition pathway with sorafenib hepatocellular uptake facilitated by organic anion-transporting polypeptide (OATP) transporters and efflux to bile facilitated by ABC transporters after being metabolized to its glucuronide metabolite. [26] [27] [28] The pharmacokinetics (PK) with enterohepatic recirculation have been quantified in humans using population PK 21 and in mice using physiologically based PK modeling. 29 In traditional oncology drug development, MTD has been based on the highest tolerable dose with the presumptive goal of maximizing drug exposure and, therefore, optimizing clinical efficacy. However, tolerability is essential for adherence to therapy especially if long-term administration is anticipated. Recently, dosing selection based on exposureresponse relationship considering both efficacy and tolerability has drawn attention by both regulatory agency and industry in oncology drug development. 30, 31 The purpose of this research was to select the sorafenib dosing regimen in patients with AML for further clinical trials by characterizing the exposure-response relationship for inhibition of FLT3 by sorafenib and its active N-oxide metabolite in patients with AML.
METHODS

Clinical study design and correlative studies
A phase I dose escalation study was conducted in 15 adult patients with relapsed and refractory AML after an intermittent dosing regimen given cyclically to evaluate the safety, tolerability in preliminary fashion, and efficacy of sorafenib in patients with AML (ClinicalTrials.gov Identifier: NCT00131989). 9 Protocol and the consent form were approved by the Johns Hopkins School of Medicine Institutional Review Board. All patients gave informed consent according to the Declaration of Helsinki.
Detailed information on clinical trial design, outcome, and bioassay methods can be found in the clinical trial manuscript. 9 Briefly, sorafenib was administered at a dose of 400 mg or 600 mg b.i.d. for 14 or 21 days in a 28-day cycle. Three patients received 400 mg b.i.d. oral administration for 14 days, 9 patients received 400 mg b.i.d. for 21 days, and 3 patients received 600 mg b.i.d. for 14 days.
Serial blood samples for PKs were collected before and at 0.25, 0.5, 1, 2, 4, 6, and 8 hours after the administration of the first dose of sorafenib. Additional blood samples were collected before administration trough plasma concentration (C min ) on days 2, 3, 8, and 15 of continuous dosing and before the start of cycle 2. Serial blood samples for FLT3 and extracellular signal-regulated kinase (ERK) activity were collected at baseline and before administration on days 8 and 15 of continuous dosing and before the start of cycle 2. The total and unbound plasma concentration of sorafenib and the total plasma concentration of the sorafenib N-oxide metabolite were measured using a liquid chromatography with tandem mass spectrometry method. 24, 32 FLT3 and its downstream factor ERK ex vivo activities in TF-1 cells expressing FLT3-ITD were measured using Western blot, as previously described. 33 FLT3 and ERK activity were reported as the percent change from baseline for each individual, with the individual baseline activity set at 100% for each patient.
EXPOSURE-RESPONSE MODEL
Population PK model of sorafenib and its N-oxide metabolite A previously published population PK model of sorafenib in patients with solid tumors was adopted to develop the structural model of sorafenib in patients with AML as shown in Figure 1 . 21 The enterohepatic recirculation was controlled by a time-dependent binary variable EHYN (enterohepatic as "yes or no") that switches on the enterohepatic recirculation at a given time point after dose (T ENT ).
Unbound plasma concentrations of sorafenib (C u ) were modeled simultaneously with total plasma concentration (C p ) using an unbound fraction parameter (f u ).
A one-compartment model for the N-oxide metabolite was added onto the parent drug model, as shown in Figure 1 . The volume of distribution of the N-oxide metabolite (V 7 ) was estimated, whereas the metabolism fraction for the N-oxide metabolite was assumed to be 1 -f ENT (fraction of drug from Clinical and Translational Science Figure 1 Structural pharmacokinetics model of sorafenib and its N-oxide metabolite using transit compartment and enterohepatic recirculation. Ka is the absorption rate constant, CL is the total clearance, f ENT is the fraction of sorafenib that go through enterohepatic circulation; CL m is the clearance of the N-oxide metabolite. Sorafenib was absorbed from the dosing compartment (Aa) to the transit compartments (A1 to A3), then to the central compartment (A5). EHYN controlled the on and off status for sorafenib to go from the gallbladder (A6) back to the gastrointestinal track (A4) by a time controller T ENT ; K64 is the release rate constant from gallbladder back to the gastrointestinal track; V and V7 are the apparent volume of distribution for compartment A5 and A7, respectively. the central compartment that was hepatobiliary excreted into a gall bladder compartment).
Although body weight was only added to the central volume of distribution of sorafenib due to statistical significance in patients with solid tumors, 21 body weight centered at 80 kg was included on all the volumes of distribution parameters (V, V 7 ) with an exponent of 1, and clearance parameters (CL and CL m ) with an exponent of 0.75 following the allometric scaling approach.
where tvCL is the typical value (tv) of sorafenib apparent clearance in a patient weighing 80 kg, tvCL m is the typical value of sorafenib N-oxide metabolite apparent clearance in a patient weighing 80 kg, tvV is the typical value of sorafenib apparent volume of distribution in a patient weighing 80 kg, and tvV 7 is the typical value of sorafenib N-oxide metabolite apparent volume of distribution in a patient weighing 80 kg, CL, CL m , V , and V 7 are the individual parameters based on the corresponding body weight (WT). Between-subject variability (BSV) was modeled assuming a log-normal distribution:
where, P i is the individual PK parameter for patient i, tvP is the population value of that PK parameter, and η p,i is the corresponding BSV for patient i, which is assumed to follow a normal distribution with mean 0 and variance of ω 2 p . BSV was estimated from the data in this study.
Within-subject variability (WSV) was modeled using a proportional residual error model for total and unbound plasma sorafenib concentrations as follows:
where Observed Sorafenib Total/Unbound Concentration i,j , Cp i, j , and Cu i, j are the observed and individual concentration for patient i at time j, respectively, ε i, j is the corresponding proportional error term for patient i at time j, which is assumed to follow a normal distribution with mean 0 and variance of σ 2 . Due to the high consistency between sorafenib total and unbound concentration, the same WSV was used for both of them.
WSV was modeled using a mixed residual error model for the total plasma concentration of the N-oxide metabolite as follows:
where Observed N-oxide Metabolite Concentration i,j and C m i, j are the observed and individual predicted concentrations for patient i at time j, respectively, m1 i,j is the corresponding proportional error term for patient i at time j, which is assumed to follow a normal distribution with mean 0 and variance of σ 2 m1 , and m2 i,j is the corresponding additive error term for patient i at time j, which is assumed to follow a normal distribution with mean 0 and variance of σ 2 m2 . Covariate analysis was performed to assess the relationship between covariates of interest and the structural PK parameters. After body weight was included as a structural covariate on all clearance and volume parameters, clinically relevant covariates, including demographics (age and gender), concomitant medication (e.g., presence or absence of strong CYP3A4 inducers and inhibitors), and baseline disease status (asymptomatic and symptomatic) were explored www.cts-journal.com as potential covariates. The likelihood ratio test was used to determine the statistical significance at P < 0.05.
The area under the curve (AUC) ratio of sorafenib and its N-oxide metabolite (AUCm) was used to assess the change in the formation of the N-oxide metabolite based on the formation clearance and elimination clearance of the N-oxide, where
Assessment of exposure-response relationship
In an in vitro study, the N-oxide metabolite showed 14.59-fold higher potency on FLT3 inhibition than the parent compound sorafenib. 9 Therefore, the total plasma concentration of sorafenib (C p ) and the N-oxide metabolite (C m ) were transferred to the adjusted sorafenib concentration (C adjusted ) using their corresponding molecular weight (MW) of 464.825 for sorafenib and 480.825 for the N-oxide metabolite, and then the C adjusted was used to build up the exposure-response relationship.
The reported FLT3 and ERK activity were available as the percent change from baseline for each individual separately. Therefore, an inhibitory maximum effect (E max ) model was chosen to describe the relative change from baseline, in which the baseline level for each individual was selected to be at 100% of FLT3 or ERK activity. The maximum inhibitory effect (I max ) for FLT3 was fixed to 100%, and the I max for ERK activity was estimated.
The WSV was modeled using a proportional residual error model for FLT3 and ERK separately:
where ε FLT 3i, j and ε FLT 3i, j are the proportional residual error terms and assumed to follow a normal distribution with mean 0 and variance of σ 2 FLT 3 and σ 2 ERK , respectively.
Model evaluation
Model evaluation was based on various goodness-of-fit indicators, including comparisons based on the objective function value, visual inspection of diagnostic scatter plots, and evaluation of estimates of population fixed and random effect parameters. Normalized prediction distribution errors (NPDEs) were generated using 200 replicates of simulation for each observation in the original data set using the final PK/pharmacodynamic (PD) model. 34 The NPDE were plotted against time after dose (TAD) and population prediction (PRED) to identify trends for model misspecification. Concentration-time profile of sorafenib, its N-oxide metabolite, and the percentage of activity for FLT3 and ERK after sorafenib administration were simulated utilizing the five aforementioned dosing regimens in 1,000 patients. The simulated body weight ranges from 50-80 kg following a uniform distribution. For each dosing scenario and each patient, the concentrations of sorafenib and its N-oxide metabolite and the FLT3 and ERK activities were simulated every 1 hour up to 120 hours. After the simulation, the proportion of subjects at each dose level that consistently achieved 50%, 60%, 70%, 80%, or 90% inhibition of FLT3 and ERK during the entire dosing interval at steady state were calculated to construct a probability of target attainment curve, in which the targets were the different inhibition levels.
All modeling and simulation calculations were performed using Phoenix NLME version 7 (Certara, St. Louis, MO). The first order conditional estimation method with interaction (FOCE-I) was utilized in the population PK modeling process. The PK model of sorafenib and its N-oxide metabolite was linked to a PD model of FLT3 and ERK following a sequential PK/PD modeling approach.
28,29
RESULTS
Patient characteristics
Fifteen patients with relapsed or refractory AML from the previously conducted phase I dose escalation study were included. The patients' demographics and baseline characteristics are summarized in Table 1 . One hundred fortyone total sorafenib plasma concentrations, 136 unbound sorafenib concentrations, and 100 total N-oxide concentrations were obtained from all 15 patients. All the concentration data were used in the population PK analysis of sorafenib and its N-oxide metabolite. Thirty-five FLT3-ITD activities and 36 ERK activities were measured in 11 patients. Only 8 patients were receiving voriconazole, a strong CYP3A4 inhibitor, as therapy for fungal pneumonia. Patients did not receive other strong inducers or inhibitors of CYP3A4 concomitantly.
EXPOSURE RESPONSE MODEL Population PK model of sorafenib and its N-oxide metabolite
A one-compartment model with transit absorption model and enterohepatic recirculation (Figure 1 ) that was adopted from the solid tumor patient study successfully described the PK profile of sorafenib in patients with AML. 21 The PK profile of sorafenib in patients with AML was similar to that for patients with solid tumors. The f u of sorafenib was utilized to describe the relationship between total and unbound plasma concentrations and suggested that the plasma protein binding was concentration independent within the observed concentration range, as previously demonstrated. 24 Due to the high consistency between unbound and total plasma concentration of sorafenib, their WSV cannot be distinguished and, therefore, was modeled using the same proportional residual error model.
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Based on the covariate analysis, voriconazole was the only covariate that showed a clear impact on the formation of the N-oxide metabolite. As shown in Figure 2 , about 68.3% less of the N-oxide metabolite was formed after coadministration of voriconazole. However, voriconazole was not included in the final PK model for diverse reasons, including small sample size, instability in model estimation, and known lack of impact of other strong CYP3A4 inhibitors on sorafenib exposure. 25 None of the other tested covariates, gender and age, were incorporated in the final model. NPDE vs. PRED and TAD for unbound and total concentration of sorafenib as well as the total concentration of the N-oxide metabolite are shown in Figure 3 . The figure suggests minimal bias and trends in the structural model (NPDE vs. TAD) and error model (NPDE vs. PRED).
Assessment of exposure-response relationship
The inhibitory E max models adequately described the exposure-response relationship between the adjusted sorafenib concentration and FLT3 and ERK activity separately. The I max of sorafenib on FLT3 was fixed to 100%, as sorafenib showed a strong inhibitory capacity on FLT3 activity, with an IC 50 of 69.3ng/mL (C adjusted ). The I max of ERK was estimated to be 84%, with an IC 50 of 85.7ng/mL (C adjusted ). As seen in Figure 4 , the population model predictions capture the general trend of observations for both FLT3 and ERK activities, respectively. The final parameter estimates with bootstrap results for the PK/PD model are presented in Table 2 . No BSV was able to be estimated on PD parameters.
Simulation and dosing recommendation
The proportions of subjects who consistently achieved a certain level of inhibition during the entire dosing interval at steady state are presented in 
DISCUSSION
The use of an exposure-response relationship to inform the selection of optimal dosing regimen in oncology drug development and regulatory approval from 2010 to 2015 has resulted in a decreased use of MTD-based (toxicity-driven) dosing strategies. 36 To optimize dose selection of sorafenib in AML clinical trials, we applied the exposure-response relationship of sorafenib identified in the initial phase I study based on the magnitude of FLT3-ITD and ERK activity, which are surrogate markers of the overall efficacy in this population. 5 According to our simulation results, a dosing regimen of 200 mg b.i.d. is a safe and efficacious choice for ongoing and future trials in patients with AML (ClinicalTrials.gov Identifier: NCT01578109). Nonetheless, in the absence of therapeutic drug monitoring combined with large interindividual variability in sorafenib exposure, 21, 22 it may be prudent to titrate the dose to an individual patient's level of tolerability, after starting at a 200 mg b.i.d. dose. This recommendation is a culmination of the totality of our assessment combined with the following: (i) Boudou-Rouquette et al. 37 have observed a decrease in sorafenib exposure over a prolonged time; (ii) Hornecker et al. 23 have recommended fractionated dosing to overcome saturable absorption; and (iii) Gomberg-Maitland et al. 38 recommended a dose of 200 mg b.i.d. be further studied in patients with pulmonary arterial hypertension due to intolerability at higher doses over a 4-month period.
Compared with the previously published sorafenib PK model in patients with solid tumors, 21 a limited number of patients were included in this phase I clinical trial and a small number of samples were collected mainly after the first dose. 9 Therefore, the previously published population PK model was adopted, and allometric scaling was implemented to improve the model reliability and stability, even though it was not included previously. The BSV in the PK parameters and WSV were high due to both the limited sample size and the known variability in sorafenib PK. 21 However, BSV was similar and WSV was lower compared with that reported by Jain et al. 21 Sorafenib undergoes enterohepatic recirculation www.cts-journal.com in patients with AML, supported by both preclinical studies and physiologically based PK modeling of sorafenib in mice, which we imputed in our model. 29 In this study, we found that ß68.3% less of the Noxide metabolite was formed after co-administration of voriconazole, another strong CYP3A4 inhibitor, as seen in Figure 2 . However, we chose not to include voriconazole as a predictor on the formation clearance of the N-oxide metabolite due to several reasons. First, given the small sample size we could not make a conclusive inference as the SEs of the covariate effect were large and the model was highly unstable. Second, it is well known from literature that ketoconazole, a strong CYP3A4 inhibitor, can substantially inhibit the formation of sorafenib N-oxide metabolite by almost 100%, although it has limited impact on sorafenib PK profile. 25 This suggests that the CYP3A4 pathway is a minor metabolic pathway in sorafenib metabolism and accounts for a limited portion of the total clearance of sorafenib. We observed no change in sorafenib exposure in the presence of voriconazole, although N-oxide metabolite was inhibited. Moreover, no dosage adjustment is recommended in the sorafenib drug label (https://www.accessdata.fda.gov/drugsatfda_docs/label/2010/021923s008s009lbl.pdf). Last, as the exposures of the parent and the metabolite in this exposure-response model are driven by the post hoc estimates of the model, these estimates would not be impacted in the presence or absence of voriconazole as a covariate. The addition of the covariate would only help reduce the variability of the population PK parameters. Thus, we were confident that there is no impact on the dose selection based on the exposure-response in the study. BSV, body surface area; CL, total clearance; CL m , is the clearance of the N-oxide metabolite; f ENT , the fraction of sorafenib that goes through enterohepatic circulation; FOCE-I, first order conditional estimation method with interaction; f u , the %fraction of unbound sorafenib; IC50 FLT 3 and IC50 ERK , represent the adjusted sorafenib concentrations required to produce 50% of maximum inhibition of FLT3 or ERK, respectively; K 64 , the release rate constant from gallbladder back to the gastrointestinal track; Ka, the absorption rate constant; PK/PD, pharmacokinetic/pharmacodynamic; V and V 7 , the apparent volume of distribution for compartment A5 and A7, respectively; T ENT , the time controller.
However, the intricacies of this drug-drug interaction need to be explored further given the relevance of the N-oxide metabolite's contribution to FLT3 activity. 9 Because of their prevalence, their association with poor overall survival, and the ability to detect and quantitate their presence even in the minimal residual disease state, FLT3 mutations as targets for AML therapy have drawn attention from industry and clinical practitioners. 5, 6, 39 Because the quantitative relationship between FLT3 activity and clinical outcome (i.e., overall survival and objective response rate) has been establised, 8, 17, 18 it is appropriate to utlilize the degree of target inhibition from early clinical trials as a surrogate marker to support dosing selection. Sorafenib and its N-oxide metabolite showed a concentration-dependent inhibitory effect on both FLT3 and ERK activities. 9 With the doses given in this study, although FLT3-ITD activity was fully inhibited by sorafenib, ERK activity could not be completely inhibited due to multiple pathways that can upregulate the ERK activity in cancer cells. 40, 41 Midostaurin received approval from the FDA for newlydiagnosed FLT3-mutated AML utilizing a dosing regimen that was associated with an average of 57.5% FLT3 inhibitory activity in the intensively treated adults with FLT3-ITD positive AML. 42 Noting the poor tolerability of higher dosed sorafenib (i.e., 400 mg b.i.d.) and the fourfold higher in vitro sorafenib FLT3-ITD inhibitory activity of sorafenib compared with midostaurin, 43 it is possible that lower dosing (i.e., 200 mg b.i.d.) and lower exposure may still result in similar clinical efficacy as midostaurin and provide a better safety profile. The dose-limiting toxicity rate of ß20% (2/9 patients) in our original clinical trial suggests an important tolerability issue at 400 mg b.i.d. regimen. 9 Due to the small number of patients with dose-limiting toxicities reported in our original clinical trial, 9 we were unable to perform an exposure-toxicity assessment. However, in accordance with previously reported clinical trials in patients with AML, a lower dose of sorafenib is associated with enhanced tolerability. 19, 20 Recently, another observational study has shown that sorafenib-related adverse events were associated with a relatively higher exposure of the N-oxide metabolite after 400 mg b.i.d. dosing. 44 Therefore, a decreased frequency and/or severity of adverse events may be expected in patients with AML with a lower dosing regimen, such as 
